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Introduction 

This repor t  w i l l  summarize a c t i v i t i e s  i n  four  major research 

areas. Although s u b s t a n t i a l  progress has been made i n  each of these  

during the  p a s t  s i x  months, measurements are s t i l l  i n  progress and 

f i n a l  conclusions are not poss ib le  at t h i s  t i m e .  The areas of research 

are! : 

1) The study of t h e  influence of un iax ia l  stress and 

temperature upon the  high reso lu t ion  luminescence s p e c t r a  of e l ec t ron  

i r r a d i a t e d  s i l i c o n .  

2) The study of the e f f e c t s  of l i th ium dopant upon the  

spec t r a  of the  recombination luminescence of i r r a d i a t e d  s i l i c o n .  

3) The thermal s t a b i l i t y  of t he  defec ts  t h a t  are responsible 

f o r  the recombination luminescence i n  i r r a d i a t e d  s i l i c o n .  

4 )  The influence of i r r a d i a t i o n  upon the  e l e c t r o n  tunneling 

cha rac t e r i s  tics of highly doped s i l i c o n .  

F a c i l i t i e s  and Equipment 

Two o p t i c a l  systems are being used f o r  the  s t u d i e s  of t h e  

luminescence. The high r e so lu t ion  system employs an 0.75 meter Engis 

spectrometer, a high s e n s i t i v i t y  PbS de tec to r  and both a s t r i p  cha r t  

and a d i g i t a l  recording system. 

when complete spectra are taken which must be corrected f o r  t h e  

va r i a t ions  i n  system's response as a function of wavelength. 

s t r i p  cha r t  system is most usefu l  when one is looking a t  the  e f f e c t s  

of stress and temperature upon a narrow s p e c t r a l  range of t h e  system. 

The d i g i t a l  system is  most usefu l  

The 
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As w i l l  be seen on the  da t a  presented below, reso lu t ions  of less than 

0.001 e V  are e a s i l y  a t t a i n e d  with an exce l l en t  signal-to-noise. 

The second o p t i c a l  system i s  of lower r e so lu t ion  and employs 

an 0.5 meter Jarrell-Ash monochromator. 

used previously by Robert Spry i n  the  i n i t i a l  study of the  recombination 

luminescence of i r r a d i a t e d  s i l i c o n .  

been taken with t h i s  system, the  signal-to-noise a t  moderate reso lu t ion  

w a s  never as high as was  desired.  

developed using op t i c s  t h a t  provide a smaller image, thus allowing the  

use of a smaller de tec tor .  

f i v e  t i m e s  b e t t e r  than before. This system is  j u s t  now being completed. 

This is the  system t h a t  w a s  

Although considerable da ta  have 

A new de tec to r  system has been 

The signal-to-noise is  expected t o  be about 

The tunneling measurements are being made wi th  a conventional 

2 2 system t h a t  measures di/dV vs. V and d i/dV vs. V and displays these  

on an x-y recorder. 

vacuum. Dots of lead o r  indium are then evaporated on t h e  cleaved 

sur face  and cur ren t  flow measured between the  dots  and t h e  base 

material. The samples  are immersed i n  l i q u i d  helium. Temperature 

is measured with a ca l ib ra t ed  germanium thermometer. 

Samples are made by cleavage i n  a i r  or  i n  high 

Measurements of t he  luminescent spec t r a  are made with the  

samples mounted onto a cold f inge r  i n  a l i q u i d  helium dewar. 

dewar used with the  high r e so lu t ion  spectrometer has a va r i ab le  

temperature system and a stress mechanism t h a t  w a s  t o  allow the  

appl ica t ion  of known amounts of un iax ia l  stress of samples. The 

stress system did  not  y i e l d  reproducible r e s u l t s .  

The 

Stress r e s u l t s  
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presented i n  t h i s  r epor t  w e r e  obtained by glueing samples t o  a copper 

sample holder. Since copper has a thermal cont rac t ion  t h a t  is almost 

a f a c t o r  of t e n  g r e a t e r  than t h a t  of s i l i c o n ,  t he  cooling of t h i s  system 

r e s u l t s  i n  the  app l i ca t ion  of a s i g n i f i c a n t  amount of stress. 

The low temperature dewar f o r  t he  lower r e so lu t ion  spectrometer 

system operates a t  f ixed  temperatures as determined by the  coolants. 

Results 

Luminescent S tudies  

High Resolution S p e c t r a  

Figure 1 reproduces da t a  t h a t  w e r e  taken by Robert Spry of t he  

spectrum of the  recombination luminescence of s i l i c o n  i r r a d i a t e d  with 10 8 

60 Roentgen of CO . As ind ica ted  on the  f i g u r e ,  a r e so lu t ion  between 

0.010 and 0,005 e V  w a s  used f o r  t h i s  measurement. On t h e  b a s i s  of t h e  

energy of t h e  peaks from t h e  p r i n c i p a l  zero phonon l i n e s ,  A or  C ,  t he  

l i n e s  labeled B,  D and E were t e n t a t i v e l y  assigned t o  t r a n s i t i o n s  t h a t  

r e s u l t  from phonon a s s i s t e d  t r a n s i t i o n s  with TA and TO phonons involved. 

The r e s u l t s  of t he  higher r e so lu t ion  measurements are shown 

i n  p a r t i a l  form i n  Fig. 2. Lines B,  D and E are presented with a s p e c t r a l  

reso lu t ion  of between 0.001 and 0.0005 e V ,  a f a c t o r  of about t en  b e t t e r  

than w a s  used i n  Fig. 1. The importance of t h i s  measurement is t h e  obser- 

va t ion  t h a t  these l i n e s  have the  same h a l f  width as the  zero phonon l i n e s  

A and C. Thus, i t  is l i k e l y  t h a t  these  are a l s o  zero phonon l i n e s  and 

t h a t  they do not  arise from phonon a s s i s t e d  t r ans i t i ons .  

The earlier da ta  were taken wi th  t h e  sample he ld  t o  a copper 
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sample holder with vacuum grease. As w i l l  be  shown below, t h i s  can introduce 

s u b s t a n t i a l  s t r a i n  i n t o  the  c r y s t a l  thereby tending t o  broaden and s h i f t  t h e  

peak pos i t i on  of some of the sharp l ines.  Lines A and C y  when measured with- 

out stress, are loca ted  a t  0.975 and 0.795 eV, respectively.  The d i f f e rence  

i n  the  pos i t i on  and width of l i n e  B between the  previous and present measure- 

ments may be due t o  the  s a m e  e f f e c t s ,  Additional da t a  are being taken t o  

a i d  i n  the  determination of t h e  source of these  l i n e s .  

Uniaxial Stress 

The e f f e c t s  of stress upon t h e  band-to-band luminescence i n  

s i l i c o n  is  shown i n  Fig. 3.  Curve a is t h e  band-to-band luminescence with 

no applied stress. Curves b t o  e present t he  e f f e c t s  of stress and temper- 

a tu re ,  The stress is  e s s e n t i a l l y  compressional i n  the  (100) plane. 

l i g h t  is inc ident  along (001). 

3 2 O K  respectively.  

and a s h i f t i n g  of the  luminescence t o  lower energy. This r e s u l t  i n  completely 

cons is ten t  with the s p l i t t i n g  and s h i f t i n g  of t h e  s i l i c o n  conduction band 

r e l a t i v e  t o  the  valence band when a uniax ia l  stress is  applied. A comparison 

of these r e s u l t s  with those of Bulshve") i nd ica t e s  t h a t  the  s p l i t t i n g  arises 

from a stress of approximately 6 x 10 

The 

Curves b t o  e are taken a t  4.6, 10, 19 and 

Note t h a t  t he  stress r e s u l t s  i n  a s p l i t t i n g  of t h e  l i n e  

8 2 dynes/cm 

Figure 4 presents  some preliminary r e s u l t s  on the  e f f e c t s  of a 

compressional stress upon the  zero phonon l i n e s  A, C y  D and E. Curves a, 

b and e were taken with the  compressional stress i n  the  {IO01 plane,  

curve d w i t h  compressional stress i n  t h e  (1111 plane. 

normal t o  these planes. Peak A s p l i t s  i n t o  two components. Peak C y  D and 

Light is inc iden t  
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E each s p l i t  i n t o  three  components. Figure 4b ind ica t e s  t he  r e l a t i v e  

i n t e n s i t y  of the three  peaks when viewed with polar ized  l i g h t .  Note t h a t  

the poorer r e so lu t ion  i s  a r e s u l t  of the  a t t enua t ion  by the  polaroids.  

Although these  are preliminary d a t a  taken only upon a l imi ted  

number of samples, these  r e s u l t s  suggest t h a t  t h i s  technique w i l l  allow 

the  determination of the  symmetry of the  defec t  t h a t  is  responsible f o r  

the luminescence. These da ta  w i l l  be extended t o  inc lude  o ther  c rys t a l -  

lographic o r i en ta t ions  f o r  t h e  stress, the  degree of po la r i za t ion  of 

the  luminescence and the  inf luence  of temperature upon the  luminescence, 

both with and without stress present.  

Ef fec t  of Lithium Impurity 

The material used i n  these  experiments is given i n  the  

following t a b l e  : 

R e s i s t i v i t y  

P r i o r  t o  L i  Diffusion Lithium 

( 52- cm) Content 

1 7  N-type F loa t  Zone 70 5.5 x 10 

N-type Pulled 

P-type F loa t  Zone 

P- type Pulled 

18 

18 

18 

100 1.5 x 10 

65 1.2 x 10 

45 1.1 x 10 

18 Samples from each of these  have been i r r a d i a t e d  with 

e/cm 

1017 and 10 

2 having an energy of 3 MeV, Luminescent spec t r a  have been taken 

a f t e r  each i r r a d i a t i o n  with the  lower reso lu t ion  system described above. 

Note t h a t  t he  representa t ive  spec t r a  presented below w e r e  taken before 
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the improvement w a s  made i n  the de tec tor  assembly of t h i s  system. 

Figure 5 shows the  e f f e c t  of l i th ium upon t h e  recombination 

luminescence of N-type f l o a t  zone material a f t e r  i r r a d i a t i o n  with 

e s s e n t i a l l y  4 x 1018-e/cm . Curve A,  taken on material without l i th ium,  

presents t h e  usual spectrum with a zero phonon l i n e  a t  0.97 e V  and t h e  

family of peaks a t  lower energy and t h e  l i n e  a t  0.897 e V  t h a t  w e  know 

from the  above is  a l s o  a zero phonon l ine .  The in t roduct ion  of t he  

l i th ium r e s u l t s  i n  a tremendous broadening of t h i s  spectrum and the  

in t roduct ion  of two new luminescent l i n e s  i n t o  the  spectrum a t  1.027 

and 1,046 e V  as shown i n  Curve B. 

s t i l l  evident on t h e  l a rge  background. The s t r u c t u r e  a t  1.027 and 

1,046 is  always seen i n  N-type f l o a t  zone, P-type f l o a t  zone and N-type 

pulled material t h a t  contains l i t h ium a t  the  high i r r a d i a t i o n  l eve l s .  

It  has never been seen i n  P-type pulled and i s  never seen i n  any material 

f r e e  of l i thium. 

a f t e r  i r r a d i a t i o n  with e/cm . 

. - 2  

The zero phonon l i n e  a t  0.97 e V  is 

I n  P-type f l o a t  zone and N-type pul led  i t  is seen 

2 

Although these  r e s u l t s  are preliminary,  t h e  l i th ium appears 

t o  introduce a recombination l e v e l  t h a t  is much c l o s e r  t o  t h e  band edge 

than i s  found i n  the  l i t h ium f r e e  material. Thus, a luminescence has 

been observed t h a t  appears t o  be determined by the  l i th ium.  Its prop- 

erties and the  r e l a t ionsh ip  of t he  defec t  responsible f o r  i t  and t h e  

defec ts  responsible f o r  t he  o ther  luminescent emission i s  y e t  t o  be  

determined. 

Absolute measurements of luminescent i n t e n s i t y  as a func t ion  

of i r r a d i a t i o n  l e v e l  are very d i f f i c u l t  t o  make, as a r e s u l t  of t he  
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etching techniques t h a t  must be used. 

t he  i r r a d i a t i o n  peeded t o  produce luminescence. The i n t e n s i t y  of t h e  

luminescence i r r a d i a t i o n s  below 10 

above the  no i se  l eve l .  

system w i l l  allow a b e t t e r  measure of t h i s  threshold e f f e c t .  

A threshold appeared t o  e x i s t  f o r  

16. . *~ ,  I 2, . 
e / c m  , i f  p resent  a t  a l l ,  w a s  bare ly  

It is hoped t h a t  t h e  increased s e n s i t i v i t y  of t he  

A somewhat d i f f e r e n t  e f f e c t  of t h e  l i th ium is seen i n  Fig. 6 f o r  

an N-type pul led  sample with l i thiQm a f t e r  i r r a d i a t i o n  with l O I 7  e /cm2 of 

2 MeV. Note t h a t  t he  instrumental  r e so lu t ion  i s  s u b s t a n t i a l l y  poorer i n  

Fig. 6 than i n  Fig. 5. Of p a r t i c u l a r  i n t e r e s t  i n  t h i s  case i s  t h e  lumines- 

cence a t  l o w  energy t h a t  appears t o  show no s t r u c t u r e ,  a t  least wi th in  t h i s  

no i se  level and reso lu t ion .  Additional measurements are c e r t a i n l y  needed 

t o  e s t a b l i s h  the  o r i g i n  of t h i s  spectrum. 

Although luminescent s p e c t r a  have been measured on e l ec t ron  

i r r a d i a t e d  samples  of a l l  of t h e  materials p r i o r  t o  l i th ium doping t h a t  

are l i s t e d  i n  the  t a b l e  above, only curve A of Fig. 5 is presented f o r  the  

non-lithium doped material. Most of t h e  d e t a i l e d  f ea tu res  of t h e  da t a  as 

presented by Spry and Compton") f o r  neutron and qmma-ray bombardment have 

been confirmed f o r  e l e c t r o n  i r r a d i a t i o n s .  Several  observations have been 

made, however, t h a t  w i l l  need t o  be examined more c lose ly  with t h e  more 

s e n s i t i v e  system, For each material type, t he  i n t e n s i t y  of t he  luminescence 

appears t o  be s i g n i f i c a n t l y  lower a f t e r  i r r a d i a t i o n s  wi th  10l8 e / c m 2  t h a t  

i t  w a s  a f t e r  i r r a d i a t i o n  with 1017 e/cm2. I n  N-type pul led ,  s i g n i f i c a n t  

luminescence r e s u l t i n g  from recombination v i a  the  defec ts  w a s  seen a f t e r  

i r r a d i a t i o n  with 1014 e/cm , 3 MeV. 2 Thus, t he  s e n s i t i v i t y  of formation 
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of the  defec ts  giving rise t o  t h e  0.97 e V  and 0.79 e V  family of curves is 

s u b s t a n t i a l l y  g r e a t e r  than f o r  t h e  same material a f t e r  l i th ium di f fus ion .  

F ina l ly ,  a sharp l i n e  a t  about 100 8 higher energy t h a n  the 0.79 e V  zero 

phonon l i n e  has been seen i n  some samples. This l i n e  has a l s o  been seen 

i r r e g u l a r l y  i n  gamma ray and neutron i r r a d i a t e d  samples. 

a t  t h i s  t i m e  what t he  r e l evan t  parameter is f o r  t h e  observation of t h i s  

l i n e .  

observed i n  some samples of t he  i r r a d i a t e d  N-type pul led  material. 

The above da ta  have been presented as examples of t he  survey 

It is  n o t  clear 

Similarly,  a luminescence peaking a t  about 0.5 e V  has a l s o  been 

da ta  t h a t  have been taken. 

de tec t ion  system w i l l  r equ i r e  t h a t  much of these d a t a  be taken again s o  

t h a t  more d e f i n i t i v e  answers can be obtained f o r  many of t he  questions 

t h a t  w e r e  l e f t  unanswered i n  the  above discussion. 

The a v a i l a b i l i t y  of t h e  more s e n s i t i v e  

Effec t  of Thermal Annealing 

A survey of t he  e f f e c t  of high temperature anneals upon t h e  

recombination s p e c t r a  of t he  i r r a d i a t e d  material has not  been completed. 

Annealing da ta  has been taken on N-type f l o a t  zone following i r r a d i a t i o n  

with both and e/cm2 and N-type pul led  following i r r a d i a t i o n  

with Although no systematics of the  e f f e c t s  of high temper- 

a t u r e  annealing can be presented a t  t h i s  type, an example of t h e  e f f e c t s  

of such an anneal w i l l  be given f o r  N-type pul led  material. 

2 e / c m  . 

The luminescent i n t e n s i t y  of an N-type pul led  sample w a s  

monitored f o r  about seven weeks a f t e r  i r r a d i a t i o n .  Both 0.97 e V  and 

0.79 e V  peaks w e r e  v i s i b l e  just a f t e r  i r r a d i a t i o n  wi th  t h e  0.79 e V  
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peak being about a f a c t o r  of two lower i n  i n t e n s i t y  than the  0.97 e V  peak. 

It w a s  found t h a t  upon standing a t  room temperature t h a t  t h e  r a t i o  of t h e  

0.79 e V  t o  the  0.97 e V  peak increased t o  about un i ty  and then gradually 

decreased t o  less than 0.1. The spectrum w a s  measured a t  t h i s  t i m e  and 

i s  shown i n  Fig. 7. The sample w a s  then annealed a t  3OO0C f o r  14 hours 

and the  spectrum of Fig. 8 obtained. A tremendous increase  i n  t h e  0.79 e V  

peak i s  seen, The i n s e r t ,  taken a t  higher r e so lu t ion  shows the  l i n e  a t  

l O O a  t o  higher energy than the  0.79 e V  l ine.  Notice a l s o  t h a t  t h e  0.97 e V  

zero phonon l i n e  i s  no longer seen and t h a t  a new family of l i n e s  has 

appeared a t  s l i g h t l y  lower energy. It  is not c l e a r  whether t h i s  new 

luminescence r e s u l t s  from a new defec t  created by t h e  anneal o r  whether 

t h i s  series has simply become evident because of t he  absence of t he  

s t ronge r  0.97 e V  family. 

One N-type f l o a t  zone c r y s t a l  a l s o  has been annealgd. The 

only luminescence seen before anneal, t h e  0.97 e V  zero phonon family, 

i s  destroyed and a weak s t r u c t u r e l e s s  band w a s  seen, s t r e t c h i n g  from the  

monochromators low energy l i m i t  of 0.70 e V  t o  about 0.97 eV. It is  

expected t h a t  the  systematic i nves t iga t ion  of t h e  a f f e c t s  of annealing 

w i l l  y i e l d  add i t iona l  information on the  r e l a t ionsh ip  of the defec ts  t h a t  

give rise t o  the  two luminescent p a t t e r n s  a t  0.79 and 0.97 eV. 

Tunneling i n  P-Type S i l i con  

Tunneling measurements have been completed on MOS devices made 

from degenerate s i l i c o n .  The da ta  shown i n  Fig. 9 through 12 w e r e  obtained 

from samples cu t  from 4 boron doped c r y s t a l s  with impurity concentrations 
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. -3 I , .- . ... " . e(3 acm&3*-,A ,."> 4 -  .A ... . . .. . . ~ 

ranging from 1.8 x lo1' 'cm t o  2 x 10 . The i n t e r a c t i o n  of tunneling 

e lec t rons  with o p t i c a l  and local-mode phonons is c l e a r l y  evident i n  the  data. 

Samples with the  h ighes t  boron concentration, Fig. 9 ,exhib i t  phonon l ine-  

shapes that: are q u a l i t a t i v e l y  explained i n  terms of a many body self-energy 

e f f e c t  i n  the  semiconductor e l e ~ t r o d e ' ~ ) .  Variations i n  t h e  lineshape with 

boron concentration (Fig. 10, 11 and 12) leads  us t o  t h e  conclusion t h a t  

both the  e l ec t ron ic  self-energy e f f e c t  and i n e l a s t i c  phonon emission i n  t h e  

b a r r i e r  must be  taken i n t o  account i n  order t o  adequately descr ibe  t h e  

observed data. 
n 

dLi da ta  from a sample with a boron d i  Figure 9 shows - and - dV .--2 
dV 

concentration of 2 x lozQ ~ m - ~ .  Pos i t i ve  b i a s  corresponds t o  r a i s i n g  the  

Fermi l e v e l  i n  the  m e t a l  with respect t o  t h a t  i n  the  semiconductor. The 

l a rge  p o s i t i v e  - peaks a t  p o s i t i v e  and negative b i a s  r e s u l t s  from the  

in t e rac t ions  of tunneling e l ec t rons  w i t h  s i l i c o n  o p t i c a l  phonons of s m a l l  

wave vector.  

below the  value obtained from Raman s c a t t e r i n g  f o r  t h e  o p t i c a l  phonon. 

discrepancy is  believed t o  be due t o  phonon d ispers ion  e f f e c t s .  Since the  

peak gradually s h i f t s  with decreasing boron concentration t o  64.5 5 0.4 mV 

i n  the lowest doped sample, t h i s  explanation would s e e m  t o  be  va l id .  

2 

dV2 

The p o s i t i v e  b i a s  peak occurs a t  64.2 - + 0.4 mV which is 0.6 mV 

This 

A t  pos i t i ve  b i a s  t h e  i n t e r a c t i o n  with s i l i c o n  o p t i c a l  phonons 

r e s u l t s  i n  an increase  i n  t h e  canductance while a t -nega t ive  b i a s  a conductance 

decrease is observed. The corresponding second de r iva t ive  s t r u c t u r e  is 

approximately symmetrical about zero b ias .  

t he  b a r r i e r  would have r e su l t ed  i n  an increase  i n  conductance i n  both b i a s  d i r ec t ions  

and hence antisymmetric peaks i n  second der iva t ive .  This i n e l a s t i c  tunneling 

I n e l a s t i c  phonon emission i n  
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process can therefore  be ru led  out  as t h e  predominant mechanism i n  t h i s  case. 

Duke and Davis ( 4 )  have ca l cu la t ed  the  e l e c t r o n i c  self-energies i n  

degenerate semiconductors due t o  e l e c t r o n  i n t e r a c t i o n s  with o p t i c a l  phonons; 

and the  e f f e c t s  of such many-body i n t e r a c t i o n s  on t h e  tunneling conductance 

have been evaluated numerixally and compared with these  experimental data.  

The t h e o r e t i c a l  lineshapes are i n  q u a l i t a t i v e  agreement with experiment. 

The symmetrical- s t r u c t u r e  is thus in t e rp re t ed  as being the  r e s u l t  of 

an e l ec t ron ic  self-energy e f f e c t  due t o  o p t i c a l  phonon in t e rac t ions  i n  the  

2 

dV2 

semiconductor electrode. 

Separated from t h e  o p t i c a l  phonon peaks by about 15 mV is  another 

p a i r  of p o s i t i v e  peaks. This s t r u c t u r e  has been a t t r i b u t e d  t o  i n t e r a c t i o n s  

with boron l o c a l  mode v ibra t ions .  The o r i g i n  of t h i s  s t r u c t u r e  is  c l e a r l y  

es tab l i shed ,  not only by the  energy of t he  peaks bu t  by t h e i r  s t rong  

dependence upon boron impurity concentration and t h e  d e t a i l s  of t h e  s p l i t t i n g  

of the  s t r u c t u r e  a t  p o s i t i v e  b ias .  In f r a red  absorption measurements on boron 

doped s i l i c o n  a t t r i b u t e  peaks a t  76.9 and 79.9 meV t o  l o c a l  mode absorption 

due t o  i s o l a t e d  B l l  and BIO isotopes.  (5) 

are 80% B l l  and 20% BIO. 

The n a t u r a l  i so top ic  abundances 

The r e l a t i v e  he ights  of t he  two resolved peaks 

i n  forward b i a s ,  the  separa t ion  of t he  two peaks and the  absolu te  energy 

of the  peaks are a l l  i n  agreement with t h e  i n f r a r e d  absorption data.  The 

symmetric na ture  of t h i s  s t r u c t u r e  would again lead us t o  be l i eve  t h a t  w e  

are observing t h e  r e s u l t  of a many-body e f f e c t  i n  the  s i l i c o n  e lec t rode .  

Figures 10, 11, and 1 2  show tunneling da ta  from samples wi th  

progressively decreasing boron content. The boron l o c a l  mode s t r u c t u r e  
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grows weaker as the  boron concentration i s  decreased and fades e n t i r e l y  

a t  the  lowest doping. While t h e  p o s i t i v e  b i a s  o p t i c a l  phonon lineshape 
2 d i  

does not change s i g n i f i c a n t l y  i n  these  f igu res ,  t h e  reverse  b i a s  - 
dV2 

s t r u c t u r e  undergoes a continuous change from a p o s i t i v e  peak a t  the  

h ighes t  doping l e v e l  t o  a s tep- l ike  s t r u c t u r e  as the  lowest doping 

leve l .  I n  con t r a s t  t o  the  f i r s t  t h ree  samples, the  Fermi degeneracy 

of the  s i l i c o n  f o r  Na = 1.8 x 10 

- less than the  o p t i c a l  phonon energy; hence, a t  a p o s i t i v e  b i a s  equal 

19 - cm 33 (approximately 45 meV) , is 

t o  the  phonon energy, e l ec t rons  tunneling from states near the  Fermi 

l e v e l  of t he  m e t a l  e l ec t rode  can do s o  only i f  they e m i t  a phonon, 

s ince  these e l ec t rons  are tunneling i n t o  the  forbidden gap of t h e  

semiconductor. W e  now have a s i t u a t i o n  i n  which i n e l a s t i c  phonon 

emission must be the  dominant mechanism. That the  many-body e f f e c t  

must s t i l l  be considered, however, is  implied by the  reverse  b i a s  

lineshape. S i m i l a r  l ineshapes have been observed i n  heavily doped 

p-type G e  MOS junc t ions .  Neither mechanism alone p red ic t s  such a l ine-  

shape, and w e  f e e l  t h a t  more p rec i se  ca l cu la t ions ,  including both the  

e l ec t ron ic  self-energy e f f e c t  of t he  o p t i c a l  phonon coupling and 

i n e l a s t i c  phonon emission i n  t h e  b a r r i e r ,  would be required t o  expla in  

t h i s  la t ter  l ineshape and the  v a r i a t i o n s  i n  l ineshape with boron concen- 

t r a t i o n  t h a t  w e  have observed i n  our data.  

Preliminary measurements have been made on s i l i c o n  samples 

of lower doping than presented i n  Figs. 9 through 12 wi th  Na = 6.5 x 

10l8 cm . -3 On these u n i t s ,  t he  vacuum cleavage w a s  made i n  a way t h a t  
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allowed some contamination of t he  cleavage plane; no t  enough f o r  an in su la t ing  

b a r r i e r  t o  form but  enough t o  al ter the  sur face  state dens i ty ,  producing a 

higher tunneling b a r r i e r  and hence measurable r e s i s t ances .  While t h e  super- 

conducting s t r u c t u r e  of t he  m e t a l  e l ec t rode  w a s  no t  seen, a magnetic f i e l d  

dependent conductance minimum w a s  observed a t  zero b i a s ,  as seen i n  Fig. 13. 

Also the zero b i a s  conductance minimum w a s  found t o  be s t rongly  temperature 

dependent, Fig. 14,  and is  thought t o  be t h e  r e s u l t  of a two-step tunneling 

process. A t  p o s i t i v e  b i a s ,  f o r  ins tance ,  an e l ec t ron  tunnels i n t o  a 

loca l ized  state i n  t h e  deple t ion  region of the  semiconductor and then tunnels 

i n t o  the  valence band. Measurements of t he  temperature dependence over a 

wider temperature range together with a check of t h e  v a r i a t i o n  with doping 

are planned. 

t h e  o r i g i n  of t he  s t ruc tu re .  I f  i t  i s  shown t o  r e s u l t  from loca l ized  s t a t e s ,  

t h i s  technique w i l l  be used t o  examine loca l ized  defec ts  introduced by 

rad ia t ion .  

These experiments should make i t  poss ib le  t o  c l e a r l y  e s t a b l i s h  
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Figure- Captions . 

Fig. 1. Recombination Luminescence i n  Co60 i r r a d i a t e d  100 ohm-cm N-type 

s i l i c o n  . 
Fig. 2. High r e so lu t ion  spec t r a  of l i n e s  labeled B y  D and E of Fig. 1. 

Fig. 3. E f fec t  of compressional stress i n  t h e  (100) plane upon the  band- 

to-band luminescence i n  s i l i c o n .  90 ohm-cm P-type pulled. 

a) N o  stress 

b)-e) Ef fec t  of compressional stress i n  (1003 plane. 

b) 4.6'K 

c) lOoK 

d) 19'K 

e)  32'K 

Fig. 4. E f fec t  of compressional stress upon l i n e s  A, C y  D, and E of t he  

luminescent spectrum i n  i r r a d i a t e d  s i l i c o n .  

pu l led  i r r a d i a t e d  with 4 x 

a) Line A - 8'K - (100) plane 

b) Line C - 8OK - (100) plane 

c) Line D and E - 8OK - (100) plane 

d) Line C - 8'K - (110) plane 

90 ohm-cm P-type 

e/cm2, Curves a, b and c. 

Fig. 5. Recombination Luminescence of i r r a d i a t e d  s i l i c o n .  

A) N-type f l o a t  zone 70 ohm-cm 

I r r a d i a t e d  with 4.2 x e / c m  2 

17 3 B) N-type f l o a t  zone 70 ohm-cm with 5 x 10 /cm of l i thium. 

2 I r r a d i a t e d  with 3.5 ~-10'~ e / e m  e 
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Fig. 6 .  Recombination luminescence on i r r a d i a t e d  N-type pul led  s i l i c o n  

2 containing 1.5 x 1 0 1 8 j ~ m 3 ' ~ f  l i thium. I r r a d i a t e d  with 1017 e / c m  . 
. Fig. 7. Recombination luminescence of 100 ohm c m  N-type pul led  s i l i c o n  

a f t e r  i r r a d i a t i o n  with 10I6 e /cm2  and room temperature anneal 

f o r  seven weeks. 

Fig. 8. Recombination luminescent spectrum of sample used i n  Fig. 7 a f t e r  

an anneal a t  3OO0C f o r  1 4  hours. 
c) 

dLi f o r  indium-silicon junc t ion  d i  Fig. 9. - and - 
dV dV2 

3 with s i l i c o n  doped t o  N = 2.1 x lo2' B / c m  . 
Q A 
L 

" f o r  indium-silicon junc t ion  d i  Fig. 10. - and - 
dV dV2 

3 wi th  s i l i c o n  doped t o  NA = 1.17 x lo2' B/cm . 
n 

d'i f o r  indium-silicon junc t ion  ~ 

d i  Fig. 11. - and - 
dV dV2 

3 with s i l i c o n  doped t o  N = 4.2 x lo1' B/cm . 
c) A 

d"i f o r  indium-silicon junc t ion  d i  Fig. 12 .  - and - 
dV dV2 

3 with s i l i c o n  doped t o  N a  = 1.75 x 10'' B/cm 

Fig. 13. Temperature dependence of t he  conductance z. applied b i a s  f o r  a 

3 lower doped sample containing N = 6.5 x 10l8 'B/cm . A 

Fig. 14. Magnetic f i e l d  dependence of t he  conductance vs. applied b i a s  f o r  

sample shown i n  Fig. 13. 
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